The Kets, an ethnic group in the Yenisei River basin, Russia, are considered the last nomadic hunter-gatherers of Siberia, and Ket language has no transparent affiliation with any language family. We investigated connections between the Kets and Siberian and North American populations, with emphasis on the Mal'ta and Paleo-Eskimo ancient genomes, using original data from 46 unrelated samples of Kets and 42 samples of their neighboring ethnic groups (Uralic-speaking Nganasans, Enets, and Selkups). We genotyped over 130,000 autosomal SNPs, identified mitochondrial and Y-chromosomal haplogroups, and performed highcoverage genome sequencing of two Ket individuals. We established that Nganasans, Kets, Selkups, and Yukaghirs form a cluster of populations most closely related to Paleo-Eskimos in Siberia (not considering indigenous populations of Chukotka and Kamchatka). Kets are closely related to modern Selkups and to some Bronze and Iron Age populations of the Altai region, with all these groups sharing a high degree of Mal'ta ancestry. Implications of these findings for the linguistic hypothesis uniting Ket and Na-Dene languages into a language macrofamily are discussed.
Introduction
The Kets (an ethnic group in the Yenisei River basin, Russia) are among the least studied native Siberians. Ket language lacks apparent affiliation with any major language family, and is clearly distinct from surrounding Uralic, Turkic and Tungusic languages 1 . Moreover, until their forced settlement in 1930s, Kets were considered the last nomadic hunter-gatherers of North Asia outside the Pacific Rim 2 .
Ket language, albeit almost extinct, is the only language of the Yeniseian family that survived into the 21 st century. Most Yeniseian-speaking tribes (Arin, Assan, Baikot, Kott, Pumpokol, Yarin, Yastin) used to live south of the current Ket settlements. According to toponymic evidence, prior to the 17 th century speakers of this language family occupied vast territories of Western and Central Siberia, from northern Mongolia in the south to the middle Yenisei River in the north, and from the Irtysh River in the west to the Angara River in the east 3, 4 . The Altai region was suggested as a homeland of the Yeniseian language family 2 , and ancestors of the Yeniseian people were tentatively associated 5 with the Karasuk culture (3200-2700 YBP) of the upper Yenisei 6 . Yeniseian linguistic substrate is evident in many contemporary Turkic languages of this region (South Siberia): Altaian, Khakas, Shor, Tubalar, Tuvinian, and in Mongolic Buryat language 2 . As these languages are spoken in river basins with Yeniseian river names 1 , the Yeniseian tribes were likely to have mixed with these ethnic groups (and with the Southern Samoyedic groups Kamasins and Mators, now extinct 1 ) at different times. We expect to find genetic signatures of these events.
Over the centuries, Kets and other Yeniseian people suffered relocation, extinction and loss of language and culture. First, they were under a constant pressure from the reindeer herders to the north (Enets and Nenets) and east (Evenks) and the Turkic-speaking pastoralists to the south. Second, Russian conquest of Siberia, which started at the end of the 16 th century, exposed the natives to new diseases, such as the 17 th century smallpox epidemic 7 . Third, in the 20 th century USSR resettled the Kets in Russian-style villages, thus interrupting their nomadic lifestyle 2 . Under the pressure of disease and conflict, the Kets have been gradually migrating north along the Yenisei River, and now reside in several villages in the Turukhansk district (Krasnoyarsk region); around 1,200 people in total 8 . Until the 20 th century, Kets, being nomadic hunters and fishers in a vast Siberian boreal forest, had little contact with other ethnic groups, which is manifested by the rarity of loanwords in Ket language 2 . However, since the collapse of the inter-Ket exogamous marriage system following the smallpox epidemics in the 17 th and Moreover, during the 20 th century, the settled Kets have been increasingly mixing with other native Siberian people and with the Russians, which resulted in irrevocable loss of Ket language, genotype, and culture.
Recently, a tentative link was proposed between the Yeniseian language family and the Na-Dene family of Northwest North America (composed of Tlingit, Eyak, and numerous Athabaskan languages), thus forming a Dene-Yeniseian macrofamily [10] [11] [12] . The Dene-Yeniseian-linkage is viewed by some as the first relatively reliable trans-Beringian language connection 11 , with important implications for timing of the alleged Dene-Yeniseian population split, the direction of the subsequent migration (from or to America), the possible language shifts and population admixture [13] [14] [15] .
So far, no large-scale population study was conducted with samples from each of the presently occupied Ket villages. Previously, six Ket individuals were genotyped [16] [17] [18] and two of them sequenced 19 These studies concluded that the Kets do not differ from surrounding Siberian populations, a rather surprising finding, given their unique language and ancient hunter-gatherer life-style. In order to clarify this issue, in 2013 and 2014 we collected 57 (46 unrelated 20 . We also performed high-coverage genome sequencing of two Ket individuals. Using these data, we investigated connections between Kets and modern and ancient Siberian and North American populations (including the Mal'ta and Saqqaq ancient genomes). In addition, we estimated Neanderthal contribution in Kets' genome and in specific gene groups.
Mal'ta is a ~24,000 YBP old Siberian genome, recently described 21 as a representative of ancient North Eurasians (ANE) 22 , a previously unknown northeastern branch of the Eurasian Paleolithic population. ANE contributed roughly 30-40% to the gene pool of Native Americans of the first settlement wave 21 13, 25 . The Saqqaq culture is a part of the wider Arctic Small Tool tradition (ASTt) that had rapidly spread across Beringia and the American Arctic coastal regions (but not the interior) after 4,800 YBP, bringing pottery, bow and arrow to the northern North America 13, 15, 27 . According to the archaeological data, the likely source of this spread was located in Siberia, namely in the Lena River basin (probably, in the Bel'kachi culture 13 ). On genetic grounds, Paleo-Eskimos were also argued to represent a separate migration into America 16, 25, 28 . ASTt spread coincided with the arrival of mitochondrial haplogroup D2 into America and the spread of haplogroup D2a 29 ; the Saqqaq individual bore haplogroup D2a1 30 . The closest modern relatives of Saqqaq occur among Beringian populations (Chukchi, Koryaks, Inuits 25 ) and Siberian Nganasans 16 . In addition, Saqqaq has been linked to Na-Dene-speaking Chipewyans (16% contribution to this population modeled with admixture graphs 28 ). However, mitochondrial haplogroup data 25, 30, 31 argues against the proximity of Paleo-Eskimos to contemporary Na-Dene people 13, 15 , primarily due to the very high frequency of haplogroup A in the latter 32 . Archeological evidence seems to support this argument 13 .
There is no archaeological evidence of considerable trans-Beringian population movements between the inundation of the Bering Platform around 13,000-11,000 YBP and 4,800 YBP. Therefore, it is unlikely that the hypothetical Dene-Yeniseian language family has separated prior to 11,000 YBP, according to current concepts of time depth in language evolution 13, 15 , and hence ASTt could be the vehicle spreading Dene-Yeniseian languages and genes from Siberia to Alaska and to the American Arctic 13 . However, as argued based on language phylogenetic trees 33 in the framework of the Beringian standstill model 29, 34 , the Dene-Yeniseian languages have originated in Beringia and spread in both directions. Irrespective of the migration direction and their relationship to contemporary Na-Dene groups, Paleo-Eskimos are the primary target for investigating genetic relationship with the Kets.
In this study, we found that: 
Results and Discussion

Identification of a non-admixed Ket genotype
We compared the GenoChip SNP array data for the Ket, Selkup, Nganasan, and Enets populations (Suppl. file S1) to the worldwide collection of populations 35 based on 130K ancestry-informative markers 20 .We applied GPS 35 and reAdmix 36 
'Ket-Uralic' admixture component
Using the GenoChip SNP array 20 , we genotyped 130K ancestry-informative markers in the Ket, Selkup, Nganasan, and Enets populations (Suppl. file S1). Following the exclusion of first-, second-, and third-degree relatives among the individuals genotyped in this study (Suppl. file S1, Suppl. Fig. 4 .1), we merged the GenoChip array data with the published SNP array datasets to produce a worldwide dataset of 90 populations and 1,624 individuals, focused on Siberia and America (Suppl. Table 2 ). The intersection dataset, containing 32,189 SNPs (Suppl. Table   1 ), was analyzed with ADMIXTURE 37 (Fig. 1 ). At K≥11, ADMIXTURE identified a characteristic component for the Ket population (Suppl. Information Section 5). This component reached its global maximum of nearly 100% in Kets, closely followed by Selkups from this study (up to 81.5% at K=19), the reference Selkups (up to 48.5%) and the Enets (up to 22.6%). The difference between the Selkups from this study and the reference Selkups 21 can be attributed to a much closer geographic proximity of the former population to the settlements of Kets, with whom they have a long history of cohabitation and mixture 2,10 . In order to verify and explain the geographic distribution of the 'Ket' admixture component, we have performed ADMIXTURE analysis on two additional datasets, different in population (Suppl. Table 2 ) and marker selection (Suppl. Table 1 ) (see Suppl. Information, Section 5). In summary, we suggest the existence of an admixture component with a peculiar geographic distribution, observed in some previous studies but not discussed there 17, 18 . In 
Kets in the context of Siberian populations
In order to study the relationship of Kets and other Siberian populations with the relevant ancient genomes, we have constructed three additional datasets: the dataset based on the Ket genome sequences and the HumanOrigins array SNP data 22 , and two datasets based on genome sequences only (Suppl. Tables 1 and 2). The Ket and Selkup populations were closely related according to multiple analyses (see the ADMIXTURE plot in Fig. 1 , PCA plots in Suppl. Figs. 6.3, 6.6, TreeMix tree in Fig. 2 , and outgroup f3 statistics 38 in Suppl. Fig. 7 .2). Nganasans appeared as the closest relatives of Kets according to statistics f3(Yoruba; Ket, X): the statistic for Nganasans was significantly different from that of the second-best hit (Suppl. Fig. 7 .2). In general, outgroup f3 statistics (Yoruba; Test, X) were tightly correlated between the Kets, the Selkups, and the Nganasans, with Pearson's correlation coefficients ranging from 0.96 to 0.999 (Suppl. Information, Section 7), suggesting that these populations form a closely related group.
In line with these results, Nganasans, Kets, Selkups, and Yukaghirs formed a clade in a maximum likelihood tree constructed with TreeMix on a HumanOrigins-based dataset of 194,750 SNPs (Fig. 2 ).
In our ADMIXTURE analyses ( 16 ; from 31% to 57% according to f4 statistic ratios calculated with various outgroups (Suppl. Information, Section 8, Suppl. Table 6 ). This 'core Siberian' component in Saqqaq is apparently most closely related to modern Nganasans 16 (Suppl. Fig. 7 .17) and to the Nganasanrelated clade in general (see a TreeMix tree in Fig. 2 ). The Kets are the only representatives of this clade in the genome-based datasets in this study. According to the pairwise correlation between outgroup f3 statistics (the method used in Allentoft et al. 6 ), Kets are closer to Saqqaq as compared to Nivkhs, Altaians, Buryats, and Yakuts (Suppl. file S2). According to Euclidean distances in the ten-dimensional space of principal components on the HumanOrigins dataset, Kets were a closer population to Saqqaq than Nganasans, Selkups, Yukaghirs, and the other populations ( Fig. 5 ). However, the outgroup f3 statistics (Yoruba; Saqqaq, Ket) in many cases were not significantly different from f3(Yoruba; Saqqaq, other Siberian population): e.g., see |Zdiff| scores < 3 for f3(Yoruba; Saqqaq, Nivkh) (Suppl. Figs. 7.18, 7.19) . The same result was produced with f4(Saqqaq, Yoruba; Nivkh, Ket): an absolute Z-score was lower than 2 (Suppl. Selkups were the best hits for Iron Age Altai and Karasuk according to the outgroup f3 statistics in the original study (Kets were lacking in the dataset, see Allentoft, et al. 6 ). Importantly, the Karasuk culture has been tentatively associated with the Yeniseian-speaking people based on the toponymic evidence 5 , and the Altai region is considered to be the homeland of the Yeniseian language family 2 . As another piece to this puzzle, we observed genetic continuity between the Kets and the ancient genomes from the Altai.
Mal'ta (ancient North Eurasian) ancestry in Kets
The outgroup statistic f3(Yoruba; Mal'ta, Ket) ( Mal'ta, Selkup) (Suppl. Fig. 7.13 ). Thus, we suggest that, unlike the other members of the Nganasan-related clade (Fig. 2 ), Kets and, to a lesser extent, Selkups have a high proportion of Mal'ta ancestry, alternatively referred to as the ANE ancestry 22 . The Mal'ta ancestry in Kets was further supported by the TreeMix 39 analysis, specifically by a migration edge connecting Mal'ta to the Ket-Karasuk clade, with a weight of 43% (Suppl. Fig. 9 .1, Suppl. Table 7 ). Taking into account the admixture coefficients for the two sequenced Ket individuals (Ket891 and Ket884, Fig. 1A ), we selected Ket891 as an individual with lower values of the North European and Siberian admixture components (in the K=19 dimensional space). In addition, Ket891 was identified as non-admixed by reAdmix analyses (Suppl. 22 ). Sardinians were used as the closest modern proxy for EEF 22 Based on all analyses, we can tentatively model Kets as a two-way mixture of broadly defined East Asians and ANE. Therefore, ANE ancestry in Kets can be estimated, using various f4-ratios, at 27% to 43% (depending on reference populations and datasets), vs. 25 -53% in various Native American groups (Suppl. Table 6 , see details in Suppl. Information, Section 8).
Given non-significant Zdiff scores and f4 statistics (Fig. 4A ) discussed above, it is difficult to identify the exact Eurasian population west of Chukotka and Kamchatka with the highest degree of the Mal'ta ancestry, but Kets are a good candidate. We speculate that ANE component was acquired by ancestors of Kets in the Altai region, where the Bronze Age Okunevo culture was located, with a surprisingly close genetic proximity to Mal'ta 6 . Later, the Yeniseianspeaking people occupied this region until the 16 th -18 th centuries 3, 4 .
Kets and Na-Dene speakers
In this study, Na-Dene-speaking people were represented by Athabaskans, Chipewyans, Tlingit, and, possibly, Haida. The latter language was originally included into the Na-Dene language family 40 , although this affiliation is now disputed 10 Na-Dene-speaking people were suggested to be related, at least linguistically, to Yeniseian-speaking Kets 10 . ADMIXTURE, PCA, f3 and f4 statistics, and TreeMix analyses failed to identify a link between Kets and Athabaskans, Chipewyans, or Tlingit (see Suppl. Information, Sections 7 and 8). TreeMix constructed trees where Athabaskans or Chipewyans formed a stable highly supported clade with other Native Americans (e.g., bootstrap support 99, Fig. 3A) . This topology was supported by statistics f4(Athabaskan, Yoruba; Ket, X), which demonstrated significantly negative Zscores < -5, for Clovis, Greenlanders, Karitiana, Mayans, and Mixe (Suppl. Fig. 8.19 ) on the genome-based dataset with or without transitions. Notably, the same topology was previously demonstrated for Athabaskans 19 .
Notably, the Arctic Small Tool tradition the Saqqaq culture belongs to, may reflect the Dene-Yeniseian movement over the Bering Strait 13, 15 . According to the admixture graph analysis modeling relationships among Chipewyans, Saqqaq, Algonquin, Karitiana, Zapotec, Han, and Yoruba 28 , only one topology fits these data. In this topology, the Chipewyans represent a mixture of 84% First Americans and 16% Saqqaq 28 . Our estimates using f4-ratios are roughly similar: 4-15% Saqqaq ancestry in Chipewyans and 0-9% in Athabaskans (Suppl. (Fig. 1C ). Given such low levels of expected genetic signal, we cannot reliably test the hypothetical genetic connection between Yeniseian and Na-Dene-speaking people, provided the employed methods and population samples. Moreover, considerable Beringian ancestry in Saqqaq makes the Saqqaq ancestry in Chipewyans difficult to distinguish from potential admixture with Eskimo and Inuits, representatives of the third settlement wave 25, 28 .
Hopefully, the question of the Dene-Yeniseian genetic relationship and its correlation with the linguistic relationship will be answered with a study of autosomal haplotypes and/or very rare allelic variants in relevant genomic data, which would test whether a relatively recent Siberian (Nganasan-and Ket-related) gene flow occurred into Chipewyans, for example, and whether it was mediated by Paleo-Eskimos.
Conclusions
Based on previous studies 16, 25, 28 , the Saqqaq individual, and the Paleo-Eskimos in general 25 may represent a separate and relatively recent migration into America. The Paleo-Eskimos have large proportions of Beringian (i.e. Chukotko-Kamchatkan and Eskimo-Aleut), Siberian, and South-East Asian ancestry. We have also shown that Kets and Selkups belong to a group of modern populations closest to an ancient source of Siberian ancestry in Saqqaq. This group also includes, but is probably not restricted to, Uralic-speaking Nganasans and Yukaghirs (the latter speak an isolated language). Unlike the other populations of this group, Kets, and, to a lesser degree Selkups, have a high proportion of Mal'ta (ancient North Eurasian) ancestry.
As shown previously 28 , Chipewyans, a modern Na-Dene-speaking population, have about 16% of Saqqaq ancestry. Thus, a gene flow dated at 5,000-6,000 YBP 16 can be traced from the cluster of Siberian populations to Saqqaq, and from Saqqaq to Na-Dene. However, the genetic signal in contemporary Na-Dene-speaking ethnic groups is substantially diluted.
The genetic proximity of Kets to the source of Siberian ancestry in Saqqaq correlates with the hypothesis that Na-Dene languages of North America are specifically related to Yeniseian languages of Siberia, now represented by Ket language only 10 . However, this genetic link is indirect and requires further study of population movement and language shifts in Siberia.
In addition, we show that Kets represent a modern Siberian population closest to ancient individuals of the Karasuk culture, spanning a period from about 3400 YBP to 2900 YBP (the individuals analyzed were dated to 3531-3261 YBP), and to few investigated Iron Age individuals of the Altai region (2900-1100 YBP) 6 . This genetic continuity correlates with historical linguistic data suggesting that the homeland of Yeniseian languages was located in the Altai region 2,5 .
Methods
Sample Collection
Saliva samples were collected and stored in the lysis buffer (50 mM Tris, 50 mM EDTA, 50 mM sucrose, 100 mM NaCl, 1% SDS, pH 8.0) according to the protocol of Quinque et al. 41 The following cities and villages along the Yenisei River were visited (Suppl. Fig. 1.1 
Control of Sex Assignment
In order to avoid mix-ups in sex assignment, we compared heterozygosity of X chromosome 
Combined Datasets
Combined datasets generated in this study and their properties are listed in Suppl. filtering was applied to all datasets except for the GenoChip-based one since SNPs included into the GenoChip array underwent LD filtering with the r 2 threshold of 0.4 as described in Elhaik et al. 20 . For the other datasets the following LD filtering settings were used: window size of 50 SNPs, window step of 5 SNPs, r 2 threshold 0.5 (PLINK v. 1.9 option '--indeppairwise 50 5 0.5'). Ancient genome data within the HumanOrigins dataset were provided as artificially haploid: one allele was selected randomly at each diploid site, since confident diploid calls were not possible for low-coverage ancient genomes (see further description of the approach in Lazaridis et al. 22 ). We applied the same procedure to ancient genomes included into dataset 'Ket genomes + reference genomes'. Other details pertaining to individual datasets are listed below and in Suppl. Table 1 , and their population composition is shown in Suppl. 6 . To ensure dataset uniformity, genotype calling for these ancient genomes was performed de novo in a batch run, instead of using published genotypes generated with different genotype calling protocols. Ancient DNA reads mapped on the reference genome hg19 (provided by their respective authors) were used for genotype calling with the ANGSD software v. 0.800 56 with the following settings: SAMtools calling mode (option -GL 1); genotype likelihood output (option -doGlf 2); major allele specified according to the reference genome (-doMajorMinor 4); allele frequency obtained based on the genotype likelihoods (-doMaf 1); SNP p-value 10 -6 . The resulting genotype likelihood files were transformed into genotypes in the VCF format using BEAGLE utilities gprobs2beagle and beagle2vcf, with a minimum genotype likelihood cut-off of 0.6. Subsequently one allele was selected randomly at each diploid site, since confident diploid calls were not possible for low-coverage ancient genomes. Genotype data for ancient genomes were merged with the following modern samples using PLINK v. 1.9 (and subsequently filtered as described in 
PCA
The principal component analysis (PCA) was carried out in the smartpca program included in the EIGENSOFT package 61 . We calculated 10 eigenvectors and ran the analysis without removing outliers. Then we computed the Euclidean distance in the space of ten principal components between all pairs of individuals, and calculated mean distance between the Saqqaq individual and all modern populations.
ADMIXTURE analysis
The ADMIXTURE software implements a model-based Bayesian approach that uses blockrelaxation algorithm in order to compute a matrix of ancestral population fractions in each individual (Q) and infer allele frequencies for each ancestral population (P) 37 . A given dataset is usually modeled using various numbers of ancestral populations (K). For each K from 2 to 25, 100 analysis iterations were generated with different random seeds. The best run was chosen according to the highest log likelihood. For each run 10-fold cross-validation (CV) was computed.
TreeMix analysis
Maximum likelihood tree construction and admixture modelling was performed with the Bootstrap support values for nodes were mapped on the original trees using RAxML. Bootstrap values for migration edges were interpreted as described in Suppl. Information, Section 9, and in the respective figure legends (Fig. 3 ).
f3 and f4, statistics
We used three and four population tests (f3 and f4) developed by Patterson, et al. 38 Fig. 1, A   Fig. 1, B   Fig. 1, C   Fig. 2, A.   Fig. 2, B   Fig. 3, A   Fig. 3, B.   Fig. 4, A. 
Figure legends
